Rivera A, Zee RY, Alper SL, Peters LL, Brugnara C. Strainspecific variations in cation content and transport in mouse erythrocytes. Physiol Genomics 45: 343-350, 2013. First published March 12, 2013 doi:10.1152/physiolgenomics.00143.2012.-Studies of ion transport pathophysiology in hematological disorders and tests of possible new therapeutic agents for these disorders have been carried out in various mouse models because of close functional similarities between mouse and human red cells. We have explored strain-specific differences in erythrocyte membrane physiology in 10 inbred mouse strains by determining erythrocyte contents of Na ϩ , K ϩ , and Mg 2ϩ , and erythrocyte transport of ions via the ouabain-sensitive Na-K pump, the amiloride-sensitive Na-H exchanger (NHE1), the volume and chloride-dependent K-Cl cotransporter (KCC), and the charybdotoxin-sensitive Gardos channel (KCNN4). Our data reveal substantial strain-specific and sex-specific differences in both ion content and trans-membrane ion transport in mouse erythrocytes. These differences demonstrate the feasibility of identifying specific quantitative trait loci for erythroid ion transport and content in genetically standardized inbred mouse strains. membrane transport; NHE1; KCNN4; KCC; Na-K pump MOUSE ERYTHROCYTES HAVE PLAYED a crucial role in the elucidation of the pathophysiology of ion transport abnormalities in human hematological diseases based on their close similarity with human erythrocytes (1). Studies on the K ϩ transportmediated by K-Cl cotransport (KCC) in mouse erythrocytes have been particularly relevant for hematological diseases characterized by red cell dehydration, such as sickle cell anemia and thalassemias (1, 8, 13) . Mouse KCC has a high degree of homology with the human KCC (11, 42) , is upregulated in several mouse models of hematological diseases and shares with human KCC sensitivity to changes in erythrocyte Mg 2ϩ content and oxidant damage (2, (12) (13) (14) (15) 35) . The modulation of K ϩ transport by oxidant damage observed in human ␤-thalassemic erythrocytes is also observed in ␤-thalassemic mouse erythrocytes: this has allowed the in vivo study in mice of potential antioxidant compounds as candidate therapies for sickle cell anemia and thalassemia (18, 29) . Mouse erythrocytes have been instrumental in demonstrating that K ϩ content and transport via KCC can be modulated by the presence of mutant hemoglobins of relatively positive charge (32, 37).
MOUSE ERYTHROCYTES HAVE PLAYED a crucial role in the elucidation of the pathophysiology of ion transport abnormalities in human hematological diseases based on their close similarity with human erythrocytes (1) . Studies on the K ϩ transportmediated by K-Cl cotransport (KCC) in mouse erythrocytes have been particularly relevant for hematological diseases characterized by red cell dehydration, such as sickle cell anemia and thalassemias (1, 8, 13) . Mouse KCC has a high degree of homology with the human KCC (11, 42) , is upregulated in several mouse models of hematological diseases and shares with human KCC sensitivity to changes in erythrocyte Mg 2ϩ content and oxidant damage (2, (12) (13) (14) (15) 35) . The modulation of K ϩ transport by oxidant damage observed in human ␤-thalassemic erythrocytes is also observed in ␤-thalassemic mouse erythrocytes: this has allowed the in vivo study in mice of potential antioxidant compounds as candidate therapies for sickle cell anemia and thalassemia (18, 29) . Mouse erythrocytes have been instrumental in demonstrating that K ϩ content and transport via KCC can be modulated by the presence of mutant hemoglobins of relatively positive charge (32, 37) .
The Ca 2ϩ -activated K ϩ channel of human erythrocytes (KCNN4 or Gardos channel) plays an important role in the dehydration of both human and mouse sickle erythrocytes and is sensitive to charybdotoxin (ChTX) and imidazole drugs (5, 34, 36, 41) . Studies in mouse erythrocytes have also shown close structural and functional similarities between human and mouse KCNN4, demonstrating a protective role of the Gardos channel against hemolysis of both normal and spherocytic erythrocytes (17, 23, 45) .
Active transport of Na ϩ and K ϩ via the Na-K pump is responsible for the low Na ϩ /high K ϩ content of human and mouse erythrocytes: These concentration gradients drive ion transport via ion channels, cotransporters, and exchangers and are essential determinants of the volume of erythrocytes, as described in the classic pump-leak model of Tosteson and Hoffman (43) . We have shown decreased cell Na ϩ and increased cell K ϩ in a human subject with 10 -20 times higher number of pumps/cell (22) . Mouse erythrocyte Na ϩ transport via the Na-K pump shares functional properties of its human counterpart but exhibits a much lower sensitivity to ouabain (1, 3, 20) .
The amiloride-sensitive Na-H exchanger (NHE1) is functionally upregulated in human sickle erythrocytes and in human and mouse spherocytic anemias (1, 10, 46) . Mouse models of spherocytosis have been extremely useful in characterizing the ion transport defect associated with isolated deficiencies of cytoskeletal proteins such as ␤-adducin (21), protein 4.2 (31) , and protein 4.1 (39) . All have shown close similarities with the human disease (16) . Recent evidence indicates that protein 4.1 binds directly to the cytoplasmic domain of NHE1 and that this electrostatic interaction modulates NHE1 activity (28) . Only the voltage-activated permeability for Na ϩ and K ϩ (24), among well-characterized human red cell transport systems, has not been described in mouse erythrocytes.
Analysis of complex traits by detailed phenotypic studies across multiple inbred mouse strains allows identification of strains suitable for genetic crosses to permit identification of quantitative trait loci (QTL) influencing the phenotype of interest. The ample concordance between mouse and human QTL makes these studies highly relevant to our understanding of human disease pathophysiology and therapy. We previously applied this approach to demonstrate that the hydration state of the mouse erythrocyte is determined in part by the type and relative charge of hemoglobin (32) .
In this report, we examine the ion content and trans-membrane ion transport properties in erythrocytes of 10 inbred mouse strains, with the objective of identifying strain-specific differences suitable for future QTL studies.
MATERIAL AND METHODS
Drugs and chemicals. ChTX, ouabain, bumetanide, and hydroxymethyl amiloride (HMA) were all purchase from Sigma Chemical (St. Louis, MO). All inhibitors were prepared as indicated by the manufacturer and stored for Ͻ2 wk at room temperature, except ChTX that was stored at Ϫ80°C. The ionophore A23187 was purchased from Calbiochem-Novabiochem (La Jolla, CA) and dissolved in EtOH. 86 Rb was purchased from Du Pont-New England Nuclear. All other reagents were purchased from Sigma Chemical.
Animals. Mice of 10 different strains (C57BL/6J, BALB/cJ, 129S1/ SvImJ, A/J, C3H/HeJ, DBA/2J, C57BLKS/J, CB/J, SM/J, and NZW/ LacJ) were purchased from the Jackson Laboratory (Bar Harbor, ME). Animals were housed in humidity-and temperature-controlled rooms (12-h light cycle) with free access to acidified water and food (NIH 5K52). Study protocols were approved by the Children's Hospital Animal Care and Use Committee.
Erythrocyte preparation and hematological parameters. Blood was collected in K2-heparin from isoflurane-anesthetized animals. Whole blood was used within 1 h of blood draw to perform erythrocyte and reticulocyte counts for each sample with an ADVIA 120 hematology analyzer and a software program specific for mouse blood (Siemens Diagnostic Solutions, Tarrytown, NY) as previously described (17, 19, 40) . Whole blood was passed through cotton to decrease the number of leukocytes and then centrifuged in a Sorvall Legend RT centrifuge (Thermo Scientific, Asheville, NC) for 4 min at 4°C at 1,500 g. Erythrocytes were washed four times with choline washing solution (CWS) containing (in mM) 172 choline chloride, 1 MgCl 2, and 10 Tris-MOPS pH 7.4 at 4°C and kept in ice until used. An aliquot of 30 l was removed from the erythrocyte suspension and diluted up to 300 l with mouse normal saline. The aliquot was immediately mixed and run on the ADVIA 120 analyzer to obtain red cell index values. Reticulocyte counts and parameters were also assessed by Oxazine-750 staining on the ADVIA 120 Hematology analyzer (4, 6, 7, 9 concentration by using the dissociation constants for citrate and correcting for ionic strength and 0.15 mM MgCl 2 presence. At time 0 min, A23187 ionophore (5 M) was added, and aliquots at 2 and 5 min were removed and immediately spun down through 0.8 ml of cold media containing 5 mM EGTA buffer and an underlying cushion of n-butyl phthalate. Supernatants were aspirated, and the tube tip containing the cell pellet was cut off. The erythrocyte-associated radioactivity was counted in a ␥-counter (model 41600 HE; Isomedic ICN Biomedicals, Costa Mesa, CA). K ϩ uptake was linear up to 5 min, and fluxes were calculated from linear regression slopes.
Na-K pump and Na-H exchanger activities. Freshly isolated erythrocytes (0.5 ml) suspended at 50% were added to 5 ml of Na ϩ and K ϩ (5 ml) solution containing (in mM) 77 NaCl, 77 KCl, and 55 sucrose (NLS). After carefully mixing, we added nystatin (40 mg/ml) solution while vortexing. The suspension was transferred immediately to an ice-containing bucket and incubated for 20 min. The suspension was mixed every 5 min. At the end of the 20 min incubation, the cell suspension was centrifuged at 1,500 g at 4°C and incubated for another 20 min in the same solution without nystatin at 4°C. We then centrifuged and washed these nystatin-loaded cells four times at 37°C with a solution containing (in mM) 77 NaCl, 77 KCl, 55 sucrose, 0.5 KPO 4, 0.5 NaPO4, 10 glucose, 0.1% bovine serum albumin (BSA, fraction V) with an incubation of 10 min at 37°C between washes, keeping the tubes containing the cells in a water bath with gentle shaking. Cells were then centrifuged and washed five more times at 4°C with CWS to remove any extracellular Na ϩ or K ϩ contaminant. The washed cells were suspended to an Hct of ϳ50%, and aliquots for the ADVIA hematology analyzer, ion content, and manual hematocrit were collected. The remaining loaded cells (0.2 ml) were incubated with 8 ml flux media containing (in mM) 155 choline chloride, 10 KCl, 1 MgCl 2, 10 glucose, and 10 Tris-MOPS, pH 7.4 at 37°C. At time points (5 and 25 min) aliquots were removed (1.3 ml) in triplicate and transferred to a 4 ml precooled plastic tube and spun down quickly at 2,500 rpm at 4°C. Supernatant was removed carefully without disturbing the red cell pellet and transferred to 4 ml plastic tube for further atomic absorption spectrophotometric determination of Na ϩ content. Na ϩ efflux was linear up to 25 min, and the fluxes were calculated from the liner regression slopes in the presence and the absence of 1 mM ouabain, which had been added to the flux media. There was approximately at least a 5-10 min incubation time of the cells in the presence of ouabain before the beginning of the flux assay. Na-K pump activity was estimated as the ouabain-sensitive fraction of Na ϩ efflux into the supernatants. NHE activity was measured in nystatin-loaded cells as described above. Cells were then placed into a hypertonic flux media containing (in mM) 150 mM choline chloride, 200 mM sucrose, 1 MgCl 2, 10 glucose, 1 ouabain, 0.01 bumetanide, and 10 Tris-MOPS (pH 7.4 at 37°C) in the presence or absence of 10 M HMA. NHE activity was estimated as the HMA-sensitive fraction of Na ϩ efflux. KCC. KCC activity was determined as volume-dependent K ϩ efflux in erythrocytes exposed to hypotonic swelling. Freshly isolated erythrocytes were suspended at 50% hematocrit after an aliquot was removed for ion content and ADVIA determinations as described above. Erythrocytes were incubated into either hypotonic NaCl medium containing (in mM) 115 NaCl, 1 MgCl 2, 10 glucose, 10 Tris-MOPS pH 7.4 at 37°C, 1 ouabain, and 0.01 bumetanide (255-265 mOsm) or into isotonic NaCl medium containing (in mM) 160 NaCl, 1 MgCl 2, 10 glucose, and 10 Tris-MOPS pH 7.4 at 37°C. Aliquots were removed after 5 and 25 min incubation at 37°C and immediately transferred to precooled 4 ml plastic tubes. The flux was calculated from the slope of the linear regression of K ϩ content vs. time. KCC activity was estimated by subtracting total K ϩ efflux into hypotonic NaCl medium from the isotonic medium and expressed as volumedependent K ϩ efflux. Statistical analysis. All values are presented as means Ϯ SD or SE. One-way ANOVA was used to detect significant difference between the mouse groups followed by Tukey's honestly significant difference analysis. Combined data for males and females were used in this analysis. Normality of distributions was tested with the KolmogorovSmirnov test. Figure 1 presents data for the contents of Na ϩ , K ϩ , and Mg 2ϩ in erythrocytes of the 10 strains studied. Cell Na ϩ varies 2.4-fold, from a low value of 16.1 Ϯ 1.7 mmol/Kg Hb in DBA/2J males to a high value of 39.1 Ϯ 4.2 mmol/kg Hb in NZW/LacJ males. K ϩ content varied between the lowest value of 350 Ϯ 22 mmol/Kg Hb in C3H/HeJ females and the highest value of 454 Ϯ 29 mmol/Kg Hb in C57BLKS/J females. Mg 2ϩ content was lowest in A/J females (5.6 Ϯ 1.6 mmol/Kg Hb) and highest in C57BL6/J males (9.2 Ϯ 1.7 mmol/kg Hb). These ion content data are comprehensively summarized in Table 1 together with their respective hematological parameters. Table 2 reports significant differences between females and males of each strain. Figure 2 presents a detailed statistical analysis of the differences in erythrocyte ion content among the 10 studied mouse strains: for this analysis, data for males and females were combined, both to increase the power of the study and due to the fact that the primary objective of the study was not to evaluate differences due to sex.
RESULTS

Erythrocyte ion content.
Erythrocyte ion transport. Ion fluxes were measured in standardized conditions that approximate maximal transport rates: for the Na-K pump this was achieved by increasing the internal Na ϩ concentration with the nystatin technique to saturate the internal Na ϩ sites and with saturating K ϩ concentration in the flux medium; for the NHE, the internal Na ϩ was also increased to similar values in all strains, and the transporter was activated by the use of hypertonic flux media; for the K-Cl cotransport, fresh cells were used with the system being activated by hypotonic media; for the Gardos channel, use of the Ca 2ϩ -ionophore A23187 ensured full activation of the transporter by Ca 2ϩ . Erythrocyte activities of the Na-K pump, NHE, KCC, and the Gardos channel are presented in Fig. 3 . Numerical data for these transport activity parameters are presented in Table 3 . Significant differences between females and males within the same strain are summarized in Table 2 .
The maximal rate for Na ϩ transport via the Na-K pump varied threefold, from a low value of 12.7 Ϯ 1.8 mmol/10 13 cells ϫ h in C57BLKS/J males to a high of 39.4 Ϯ 0.95 mmol/10 13 cells ϫ h in C57BL6/J males. However, Na-K pump activity did not correlate either with cell Na ϩ content or with activity of other transport pathways in the 10 strains studied.
NHE activity varied from a low value of 29.1 Ϯ 4.6 mmol/10 13 cells ϫ h in C57BLKS/J females to a high of 60.6 Ϯ 7.3 mmol/10
13 cells ϫ h in 129S1/SvlmJ females. There were no significant correlations with either cell Na ϩ content or Na-K pump activity.
KCC activity varied almost fourfold, from a low value of 4.7 Ϯ 1.2 mmol/10 13 cells ϫ h in C57BLKS/J males to a high of 17. 7 Ϯ 7.3 mmol/10
13 cells ϫ h in NZW/LacJ males. The latter strain also has the highest reticulocyte count among the 10 strains studied (5.5 Ϯ 1.2% in females, 4.1 Ϯ 1.5% in males), suggesting that at least some of the increase in KCC activity reflects relative reticulocytosis. However, no correlations were found between KCC activity and either cell K Figure 4 presents a detailed statistical analysis of the differences in erythrocyte transport pathways activities among the 10 studied mouse strains, with data combined for both males and females.
DISCUSSION
Mouse erythrocytes have frequently been used as models of human hematological diseases, due to their marked functional similarities with human erythrocytes. Manipulation of gene expression in mice has provided novel insights into the pathophysiology of human diseases, including ␣-and ␤-thalassemia, sickle cell anemia, and hereditary spherocytosis. In addition, QTL studies in mouse have provided important information on the genetic components underlying common phenotypic traits. We recently identified several QTL associated with cell hydration and variations in cell hemoglobin concentration (30) . Presence of the hemoglobin diffuse type (Hbb d ), which exhibits an increased net positive charge compared with the hemoglobin single (Hbb s ) type, was associated with dehydration and increased CHCM (32) . Cyclin D3 has been shown to regulate erythrocyte size by affecting the number of cell divisions during the terminal differentiation of erythroid precursors (38) . In the present study, we provide a functional characterization of erythroid ion transport properties and erythrocyte ion contents in 10 inbred mouse strains, with the long-term goal of identifying QTL underlying these parameters. Identification of these genetic loci is the necessary first step in (10) studies that may shed light on previously unknown regulatory pathways affecting erythrocyte function and viability. As shown in Figs. 1 and 3, substantial differences in erythrocyte ion content and transport emerge among these 10 hematologically normal inbred mouse strains. The relationships between ion content and transport in the individual strains are complex: the NZW/LacJ strain has the highest cell Na ϩ content [32.3 Ϯ 5 (SD) mmol/Kg Hb in females, 39.1 Ϯ 4 in males], but this is not apparently associated with either reduced Na-K pump activity or increased Na-H exchange activity. To the contrary, NHE activity is lowest in NZW/LacJ males among the 10 strains, and KCC is highest. Nominally maximal NHE activity is highest in 129S1/SvimJ males (60.6 Ϯ 7.3 mmol/10
13 cells ϫ h), despite the strain's exhibiting the second lowest value of cell Na ϩ (16.6 Ϯ 2.2 mmol/Kg Hb). This may indicate either that the shrinkage-activated NHE activity measured here is not an expression of the steady-state function of this transporter, or that internal Na ϩ may modulate the functional state of the transporter. Since we have not measured the activity of the NHE in the presence of physiological concentrations of CO 2 and HCO 3 Ϫ , it is theoretically possible that a difference in erythrocyte buffering capacity could account for the differences currently ascribed to the NHE.
The pump-leak model of Tosteson and Hoffman (43) predicts that changes in the number of Na-K pump units should be associated with changes in cell Na ϩ and K ϩ content, assuming unchanged affinities for Na ϩ and K ϩ and the absence of changes in leak pathways. Human erythrocytes with an increased number of Na-K pump units were shown to have substantially reduced cell Na ϩ and increased cell K ϩ contents (22) . Indeed, C57BL6/J erythrocytes with the highest nominal maximal rate of Na-K pump activity also have lower cell Na ϩ and higher cell K ϩ contents. However, erythrocytes from SM/J females and C57BLKS/J males with the lowest Na-K pump activity do not have the expected high cell Na ϩ and low cell K ϩ content. Instead, cell Na ϩ content is normal in C57BLKS/J and second highest in SM/J, while cell K ϩ content is actually highest in C57BLKS/J, perhaps reflecting the lowest level of K-Cl cotransport activity in erythrocytes of this strain. The lowest erythrocyte K ϩ content in males is found in the BALB/CJ strain, which also exhibits the highest erythroid Gardos channel activity. The use of standardized conditions to assess transport activity was instrumental in identifying differences that could have not been predicted by simply analyzing the ion content data: C57BLKS/J males have a substantially reduced Na-K pump activity compared with females, but their cell Na content is essentially the same (Fig. 1) .
Erythrocyte Na/K Pump transport activity Erythrocyte Na/H exchanger transport activity Erythrocyte KCC transport activity Erythrocyte Gardos channel transport activity Fig. 4. Significant differences among strains for transport activities of the Na-K pump, Na-H exchange, K-Cl cotransport, and Gardos channel. Data were analyzed with Tukey's honestly significant difference test for males and females combined (*P Ͻ 0.05).
ION CONTENT AND TRANSPORT IN MOUSE ERYTHROCYTES
We have previously described a strain-specific upregulation of KCC that resulted in potassium loss, cell dehydration, and increased resistance to osmotic lysis in BXD-31 mice compared with the parental DBA/2J strain (2) . We have also shown modulation of KCC and cell K ϩ content by intracellular Mg 2ϩ in mice bred for high or low Mg 2ϩ levels in erythrocytes and plasma (19) . Interestingly, C57BLKS/J had the highest cell K ϩ content, which in females was associated with the highest cell Mg 2ϩ content and in males with the lowest KCC activity (Table 1) . BALB/cJ males exhibited both the lowest cell K ϩ and Mg 2ϩ contents. We interrogated the Center for Genome Dynamics mouse single nucleotide polymorphism (SNP) database (http:// cgd.jax.org/cgdsnpdb/) to determine the presence of genetic variants of potential functional significance in the genes of the four transporters studied. For the Na-K-ATPase, only isoforms ␣-1, ␣-3, ␤-2, and ␤-3 have been detected in human erythroid precursors and mature erythrocytes (25) . For the Kcc3 cSNP I379T, C3H/HEJ carries Thr at that position, while NZB/LacJ, BALB/cJ, A/J, 129S1/SvImJ, and DBA/2J all carry Ile at the same position. There was no evident correlation of these changes with either K ϩ content or KCC activity. However, intronic SNPs and 5=-and 3=-flanking SNPs are present in all relevant genes; whether any of these SNPs results in expression differences remains to be determined.
Only one potential functionally significant nonsynonymous coding polymorphism was found in the National Center for Biotechnology Information SNP database for these genes in the 10 inbred strains studied in this report: in C3H/HeJ, an mKcc3 cSNP (I379T in isoform 1 NP_598409, Kcc3b; I430T in isoform 2 NP_598410, Kcc3a) leads to the addition in C3H/ HeJ of a fourth N-glycosylation consensus site in the large TM5-TM6 ectoplasmic loop. In other mouse strains with sequence reported, the aa residue is I, and the loop has only three consensus N-glycan sites, while the aa residue T is conserved in human KCC proteins. It has been reported that inhibition of N-glycosylation by tunicamycin reduces the activity of Aedes aegypti Kcc1 expressed in Xenopus oocytes (33) . Since the measured transport activity of KCC in C3H/HeJ appears to be midrange among the studies mouse strains, the functional significance of the observed genetic Kcc3 variant remains unclear.
Our data have identified several differences in ion transport properties, which are sex based (Table 3 ). Sex and race differences have been described for both erythrocyte ion content and transport in humans: cell Na ϩ is higher in males than in females, and higher in blacks than in whites (44) . In contrast, human erythroid Na-K pump activity is lower in males than in females, and lower in blacks than in whites (27) .
This report highlights unexpectedly large differences in erythrocyte ion content and ion transport activities among 10 inbred mouse strains. Such phenotypic differences make it possible to choose parental strains for future QTL crosses in such a way as to maximize the likelihood of success in uncovering genetic loci influencing these traits, as discussed by Lander and Botstein (26) .
In conclusion, the traits measured exhibit complex relationships, suggesting previously unknown regulatory mechanisms for known transporters, as well as contributions from ion transporters previously unlinked to erythrocyte membrane homeostatic mechanisms. These new results provide opportunities to identify novel QTLs, which may in turn shed new light on ion transport regulation in mouse and human erythrocytes. Such discoveries will influence and could change our understanding of the roles of red cell membrane proteins in membrane integrity and cell volume regulation in hemolytic anemias.
